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ABSTRACT: Ultrasensitive detection and spatially resolved mapping of neurotransmitters, dopamine and serotonin, are critical to facilitate understanding brain functions and investigate the information processing in neural networks. In this work, we demonstrated single molecule detection of dopamine and serotonin using a graphene−Au nanopyramid heterostructure platform. The quasi-periodic Au structure boosts high-density and high-homogeneity hotspots resulting in ultrahigh sensitivity with a surface enhanced Raman spectroscopic (SERS) enhancement factor ∼10 10 . A single layer graphene superimposed on a Au structure not only can locate SERS hot spots but also modify the surface chemistry to realize selective enhancement Raman yield. Dopamine and serotonin could be detected and distinguished from each other at 10 −10 M level in 1 s data acquisition time without any pretreatment and labeling process. Moreover, the heterostructure realized nanomolar detection of neurotransmitters in the presence of simulated body fluids. These findings represent a step forward in enabling in-depth studies of neurological processes including those closely related to brain activity mapping (BAM).
T he brain activity mapping (BAM) project has set goals in developing tools to not only measure the activity of neurons in brain circuits but also to analyze and model the brain circuits. 1 Tools capable of providing spatial and temporal profiles of neurotransmitters in vivo will be ultimately required. Sensitive detection of neurotransmitters is the cornerstone for advancing the understanding of neurological processes. 2 Dopamine and serotonin, which regulate numerous biological processes, are the most humanly important neurotransmitters.
3 Dopamine deficiency causes major clinical symptoms of Parkinson's disease (PD). 4 Recent research indicates that serotonin also plays a crucial role in PD, especially in PD treatment. 5, 6 The detection of these two neurotransmitters especially serotonin remains challenging mainly due to their low basal concentrations in the vicinity of neuronal junctions (10 −9 to 10 −6 M). 7 The voltammetric method gains its popularity in detecting oxidizable biogenic amines. 8 However, its application is restricted in two aspects: (1) It has been difficult to monitor more than one neurotransmitter at a time and (2) the detection of certain neurotransmitter in the presence of other components of body fluid (ascorbic acid, etc.) is hard to achieve due to overlapping voltammetric responses. 9, 10 Surface enhanced raman spectroscopy (SERS) has been shown to be one of the effective alternatives in neurotransmitter sensing.
11,12
The application of SERS via plasmonic nanostructures spans analytical chemistry and materials science to biological sensing and imaging. 13, 14 Various metallic nanostructures with tunable plasmonic properties have been widely explored as excellent SERS active systems. 15 Investigations of single molecules by Raman spectroscopy can be achieved with a concentrated electromagnetic (EM) field at nanometer-scale hot spots. In typical SERS active systems using metallic nanoparticles, these hot spots are sparse and randomly distributed, leading to the rarity of coincidence of molecules and hotspots in highly diluted solutions. Only a very small fraction of the molecules ends up within nanometers range to individual hot spots as is required for producing measurable Raman signals. Successful detection of molecules is at the expense of long time of up to hours spent on searching for measurable signals making the technique prohibitive for practical applications, especially real-time measurements. The commonly used metallic nanoparticles suffer from the shortcomings of easy degradation, limited biocompatibility and poor reproducibility. One of the labeling processes is typically introduced by covalently attaching extrinsic Raman labels to nanoparticles. The signals detected are from SERS probes via biomolecule-ligand recognition instead of biomolecules themselves. The label-based indirect SERS method suffers from a false positive issue as well as synthetic challenges. 13, 16 Here we report a novel SERS platform consisting of gold nanopyramid (referred to Au tips) structures boasting high densities of hot spots with the highest SERS enhancement factor of over 10 10 . The structure with tips of subnanometer radius of curvature is fabricated using top-down approach and is amenable to mass production. The two-dimensional periodic nature leads to incident-laser-polarization-dependent hotspots. The structure's potential in biosensing is significantly improved by superimposing a monolayer of graphene on Au tips. The hybrid SERS platform described boasts three unique features compared to the more conventional plasmonic structures. First, the monolayer van der Waals material (vdW) such as graphene protects the metallic structure from degeneration due to the commonly encountered chemical reaction such as oxidation. It has been shown that the Raman enhancement factor of the commonly used Ag nanoparticles degrades by over 50% in a couple of weeks. 17 In contrast, the graphene based heterostructure keeps almost 100% of the sensitivity for years (see the Supporting Information). Second, the Raman peaks of graphene serve as a gauge of the near-field EM-field intensity allowing for quantitative measurement of target molecules to be obtained. Third, chemical interaction between graphene and target molecules results in selective enhancement and/or prohibition of certain SERS modes. 18 The unique feature of biochemical finger-printing of Raman spectroscopy, which greatly reduces false-positive detection combined with the capability of quantitative measurement makes the hybrid SERS platform a rare and very powerful experimental technique in biomedical research and clinical applications especially for brain activity mapping. We show in this work that the graphene-Au tip hybrid platform is capable of detecting dopamine and serotonin at 10 
■ EXPERIMENTAL SECTION
The fabrication process of graphene-Au tip hybrid platform is shown in Figure 1 . The fabrication can be divided into two major parts. The first one is to prepare Au nanopyramids, and the second one is to transfer graphene on the surface of Au nanopyramids. Au Nanopyramids Fabrication. The Au nanopyramid fabrication is based on sphere-lithography. 19 First, polystyrene (PS) nanospheres (500 nm in diameter, Alfa Aesar) were coated on SiO 2 (50 nm)/Si wafer using scooping transfer method. 20 Before coating PS spheres, SiO 2 /Si wafer was washed by Piranha solution (H 2 SO 4 :H 2 O 2 = 3:1(volume ratio)) for 1 h at 70°C followed by deionized water (DI water) rinsing for 3 times. In the scooping transfer process, a few drops of the diluted PS sphere suspension (5% aqueous PS sphere suspension mixed with an equal volume of ethanol) were introduced on the water surface using the partially immersed glass slide (2 cm × 10 cm). The glass slide was pretreated by a piranha solution for 1 h at 70°C and then rinsed by DI water for 3 times. After introducing PS spheres on the water surface, PS spheres would self-assembly and form closed-packed monolayers with hexagonal patterns. When about 80% of the water surface was covered with PS spheres, PS monolayer was then transferred on SiO 2 /Si substrates using simple scooping transfer method. Figure 2a shows the SEM image of the PS spheres coated on SiO 2 /Si substrate. The PS spheres/SiO 2 /Si sample was then dry-etched by O 2 plasma (200 W power, 50 s) to reduce the size of PS sphere to about 250 nm (Figure 2b) .
After etching PS spheres, a 50 nm Cr film was deposited on the as-prepared sample using E-beam deposition (Figure 1 step (3) ). The PS spheres were then lifted off by ultrasonicating the sample in acetone for 20 min, followed by DI water rinsing for 3 times. Figure 2c shows the SEM image of the sample after PS lift-off. Using the Cr film (with small holes in the film) as mask, the 50 nm SiO 2 film beneath the Cr film was dry-etched by Oxford Plasmalab plasma etcher (25 sccm Ar, 25 sccm CHF 3 , RIE power 200 W, etch time 2 min).
After etching SiO 2 , the hole pattern was transferred on SiO 2 from the Cr film. The sample was then etched in KOH aqueous solution (60 wt %) for 2 min at 60°C to form pyramidal structures on the Si surface ( Figure 2d ). The whole sample was then immersed into HF solution (30%) to remove SiO 2 and Cr layer. At this time, the Si pyramidal mold (Figure 2e ) fabrication had been finished. 200 nm Au film was deposited on the Si mode with pyramidal structure by sputtering. 5 min epoxy was used to glue the Au film on another SiO 2 (300 nm)/Si substrate, which was used to hold the Au nanopyramids. After the epoxy cured at the room temperature, Au nanopyramids were peeled off ( Figure  1 step (9) ).
Graphene Transfer. Monolayer graphene was grown on copper foil by CVD method. 21 Graphene was transferred on Au nanopyramids using poly(methyl methacrylate) (PMMA) as sacrificing layer. Graphene on Cu substrates was spin-coated with PMMA layer (950 PMMA A4 from Microchem) with a spinning speed of 2000 rpm for 20 s and then was put on the surface of CuCl 2 solution (2M) to etch the copper. After the copper was fully etched away, PMMA with graphene layer would float on the CuCl 2 solution. The PMMA/graphene layer was then washed by DI water 3 times and was transferred on a Au nanopyramid substrate. After the PMMA/graphene dried, the whole sample (PMMA/graphene/Au nanopyramids) was immersed in acetone for 20 min to remove PMMA, followed by isopropanol (10 min) and DI water (10 min). The sample was then taken out from water and dried at room temperature. Figure 2f shows the SEM image of graphene transferred on Au nanopyramids. The yellowboxed area indicates the graphene folds formed between neighboring pyramids.
Micro-Raman Spectroscopy. Micro-Raman spectra and mapping of molecules and graphene were carried out using a Renishaw inVia Raman spectroscope under ambient condition. The excitation wavelength is 633 nm from a He−Ne laser. The power of the laser was kept at 1.5 mW for single spectrum and 0.5 mW for mapping to avoid sample heating. The laser spot size was ∼0.5 μm. We used a ×50 objective (numerical aperture 0.80) as well as a ×100 objective (numerical aperture 0.90). Spectral analysis was accomplished with a 1800 lines per mm grating. The spectroscope is equipped with a high speed encoded stage that enables shift of samples in XYZ directions with nominal spatial resolution of 100 nm. The spatially resolved Raman mapping data is achieved by Raman imaging with step-size down to 0.2 μm in X and Y directions with actual spatial resolution being limited by diffraction. The Raman imaging data is processed by WiRE 3.2 Raman software.
■ RESULTS AND DISCUSSION
The hybrid platform consists of monolayer graphene covered quasiperiodic Au nanopyramid (also referred to as Au tips) arrays shown in Figure 3 . The hexagonally arranged sharp Au tips (radius of curvature down to 1 nm) with almost identical shape, sharpness, and orientation support markedly enhanced local fields and play a key role in the ultrahigh sensitive system. The tipped substrate can be fabricated in large scale with superior reproducibility 22 ( Figure 3c ). To quantify the Raman enhancement factor of the Au tip substrate, we used the Raman spectrum of graphene as a "builtin" SERS intensity gauge. Single layer graphene is transferred on the substrate consisting of three regions located next to one another: Au tipped surface, flat Au surface, and the surface of flat SiO 2 of 300 nm thickness. Micro-Raman spectra of graphene were obtained from the three different regions using the nearresonant excitation wavelength of 633 nm (Figure 4a ). Graphene Raman peaks intensity enhancement of up to 3 orders of magnitude is observed from graphene on Au tips than that on flat Au, a direct evidence of plasmon-resonance of the Au tips. Taking into consideration that within the laser illumination spot of approximately 1 μm diameter there being only one hot spot of ∼10 nm × 10 nm area, SERS enhancement factor of the order of 10 10 can be calculated. It could be seen that graphene SERS spectra taken from different spots on Au tips showed I(D) to I(G) ratios ranging from 1 to 5. Such variation originates from D band induced by 1-dimensional graphene fold. 23 The measured extinction spectrum of bare Au tipped region (Figure 4b) shows a maximum in extinction centered at 600 nm with full-width-athalf-maximum (fwhm) being ∼100 nm. Various excitation wavelengths (488, 514, 633, and 785 nm) have been tested to build the relationship between plasmonic resonance and SERS enhancement (Figure 4c ). Figure 4c showed the same trend in wavelength dependence, providing further evidence to the plasmonic nature of the Au tips. For the hybrid platform, the intensity of graphene SERS bands relates directly the local enhancement factor in the EM field. 24 The distribution of hot spots measured using spatially resolved graphene Raman mapping is shown in Figure 5 . This way, the hotspots where EM field is significantly increased could be precisely located using graphene SERS intensity mappings over the entire surface prior to performing measurements leading to significant reduction in the time required. The enhancement of the electric field of Au nanopyramids was modeled using finitedifference time-domain (FDTD) analysis, and the results were in good agreement with experimental results (see the Supporting Information).
Both SERS of dopamine and serotonin was achieved of concentration levels down to 10 −10 M setting records in the labelfree detection of the two important neurotransmitters. Figure  6a ,b shows the average Raman intensities of dopamine and serotonin deposited on graphene−Au tip heterostructure at various molecular concentrations. The lowest concentration at which spectra can be unambiguously resolved is 10 −10 M for both dopamine and serotonin. This value is the highest sensitivity ever reported in the literature to our knowledge. 25−27 Using the SERS EF definition proposed by Etchegoin, 28 we achieved the SERS EFs of dopamine and serotonin as 2 × 10 8 and 10
9
, respectively (see the Supporting Information). We attribute the difference in SERS EFs to the chemical enhancement originated from the molecule−graphene interaction. The graphene layer on plasmonic structures could facilitate charge transfer between it and probe molecules, leading to an additional 10-times SERS intensity enhancement as shown by a previous study of ours. 23 Such chemical SERS enhancement, which we refer to as graphene-based enhanced Raman scattering (GERS), has been shown to be vibration mode dependent and particularly strong for selected Raman vibrations. 29 For example, the Raman peak for dopamine locates at 1482 cm −1 , which is assigned to phenyl CC stretching mode 30 has a noticeably larger enhancement factor than the peaks assigned to other dopamine vibration modes. While for serotonin, the peaks located at 1423 and 1547 cm −1 , which are assigned to indole ring vibrations 31 have experienced the highest enhancement. Such preferential enhancement for ring related modes is believed to stem from chemical enhancement rendered by graphene. 32 The π−π interactions between graphene and ring structures in dopamine as well as serotonin are believed to be a major contributing factor. 33, 34 As shown in Figure 6 , when the concentration is reduced to 10 −10 M, the most easily recognized Raman peaks left are that of the 1482 cm −1 peak of dopamine and the 1423 and 1547 cm −1 peaks of serotonin. As indicated in Figure 7a ,b, the hotspots for the serotonin 1547 cm −1 peak and graphene G peak coincide with each other within the spatial resolution of micro-Raman. This feature can be appreciated by comparing their Raman intensity mappings over a large area. The colocation also exists for the dopamine 1482 cm −1 peak and graphene G peak. The direct correlation between molecule Raman peak intensity and graphene G-band intensity implies that the observed enhancements are due predominantly to EM enhancement. 35 This observation is of significance to the use of SERS for detecting trace amounts of target molecules. Such application is hindered in practice for most plasmonic structures due mainly to difficulties in locating hotspots. Hot spots over the VPMB platform can be precisely marked by graphene peak intensity mapping as discussed before thereby significantly reducing the time required during subsequent measurement of trace amount of target molecules.
A bianalyte SERS (BiASERS) 28, 36, 37 test of dopamine and serotonin has been conducted to establish single-molecule sensitivity of the VPMB platform (Figure 8 ). The BiASERS method is a contrast based spectroscopic technique that measures two different molecules at the same time. This approach facilitates reliable statistics based on a large spectral sample size for single molecule SERS detection. Aqueous solutions of dopamine and serotonin respectively of the same concentration are dispersed over VPMB platform. The frequency of both dopamine and serotonin SERS spectra being present at the same hot spot decrease monotonically with decreasing concentration. At 10 −10 M level, we observed spectral response from over 90% of SERS hot spots to be that of either dopamine or serotonin but not both thereby firmly establishing the singlemolecule detection capability of VPMB for dopamine and serotonin.
To mimic the real biological environment with the interference from a variety of biomolecules (e.g., serum proteins) in the background, 38 we conducted SERS study of dopamine and serotonin dispersed in either cell culture medium (Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS)) or simulated body fluids (SBF) with 10% FBS. Interference from background molecules blocks access to the hot spots with their relatively large molecular size. Such access hindrance has been shown to lead to signal degradation. 39, 40 In our case, the sensitivity is reduced from the 10 −10 M in water to 10 −9 M in DMEM or SBF for both dopamine and serotonin ( Figure 9 ). These results show that VPMB platform enables label-free detection of highly diluted dopamine and serotonin in simulated body fluid as encountered in a typical in vivo environment. Fe 3 O 4 /Ag nanocomposite system has been successfully applied to achieve selective dopamine SERS in artificial cerebrospinal fluid by surface modification. 41 The incorporation of similar techniques 41, 42 with the hybrid platform holds the promise of becoming a highly useful tool for monitoring synaptic processes in vivo.
■ CONCLUSIONS
We demonstrate a graphene−plasmonic hybrid platform that allows us to detect dopamine and serotonin with a concentration as low as 10 −9 M in simulated body fluid. Moreover, such sensitive detection is carried out in a label-free fashion with the copresence of both dopamine and serotonin. Such capability promises potential applications to the study of neurotransmitters in synaptic processes in vivo.
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